Radiative recombination coefficient in crystalline silicon at low temperatures < 77 K by combined photoluminescence measurements. Energy Procedia, Elsevier, 2017, 124, pp.Abstract District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, prolonging the investment return period. The main scope of this paper is to assess the feasibility of using the heat demand -outdoor temperature function for heat demand forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were compared with results from a dynamic heat demand model, previously developed and validated by the authors. The results showed that when only weather change is considered, the margin of error could be acceptable for some applications (the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and improve the accuracy of heat demand estimations.
Introduction
The temperature dependence of the radiative recombination coefficient rad B for crystalline silicon (c-Si) is described in a number of publications for a temperature range between 77 K and 393 K [1] [2] [3] . The theory by Ruff et al. [4] describes this temperature dependence qualitatively with almost constant values in the range between about
The temperature dependence of the radiative recombination coefficient rad B for crystalline silicon (c-Si) is described in a number of publications for a temperature range between 77 K and 393 K [1] [2] [3] . The theory by Ruff et al. [4] describes this temperature dependence qualitatively with almost constant values in the range between about 400 K and 250 K and with increasing values of rad B with further decreasing temperature T. In this paper, we determine rad B in c-Si at low temperatures between 20 K and 77 K for which no data are available. The measurement range also covers measurements from 77 K up to 315 K for comparison and calibration with the literature data. The results are achieved by a combination of stationary spectral photoluminescence (sPL) and modulated photoluminescence (MPL) [5] . The elegance of the method results from the possibility of determining rad B without the need of precise data for the T-dependent absorption coefficient or the intrinsic carrier density. With respect to characterization and numerical simulation of experiments, the knowledge of the low-T radiative coefficient data complements the background information that may form the base for the interpretation of photoluminescence or electroluminescence experiments for characterization, should they be extended to lower T.
Experimental and evaluation methods
Trupke et al. [1] outlined that the energy-dependent spectral radiative recombination coefficient rad,s B may be determined from the energy-dependent absorption coefficient BB  for band-to-band transitions and other quantities. Integrating appropriately over energy   leads to the total radiative recombination coefficient rad B as rad rad,s
The spectral sPL-photon flux emitted from a sample surface can be shown to be given by [1, 6, 7] 2 rad,s
is the spectral PL photon flux in the energy interval d   , n and p represent the densities of the recombining species via the free electron and hole densities in the bands, r n is the refractive index and A the absorption. The absorption term A [8] 
In Eq. (4), the measured signal S is related to ( ) PL J T by a constant setup-related factor ' K and the carrier densities n and p are expressed by the relevant excess carrier densities n  and p  and the thermal density 0 . n Introducing a calibration factor c defined by the product '
Eq. (6) can be used for determining rad . B The excess carrier densities can be determined experimentally from MPL [5, 10] . The generation rate ( ) G t in this experiment is modulated sinusoidally with bias dc generation rate D G and with amplitude A G according to
which results in a modulation in excess carrier density ( ) n t  described by the Ansatz
Here, the bias density
From the phase shift  between excitation and PL emission, related to the complex n T can be calculated from the doping density, by taking the temperature dependence of the ionization of the donors into consideration and charge neutrality with temperature-dependent free carrier densities. This has been detailed in [9] for the phosphorus donor level at 45 meV below the conduction band. All the ingredients for the calculation of rad B are thus available for each measurement temperature. It is noted that a precise knowledge of the T-dependent absorption coefficient   BB T  or the intrinsic carrier density n i (T) is not necessary, thus eliminating two possible error sources. The possible error that is introduced if MPL  and  are not equal will be dealt with together with the presentation and discussion of the results. Fig. 1 sketches the experimental setup with emphasis on the MPL technique. The spectral photoluminescence is measured in the same setup without making any changes to the excitation beam path so that the bias generation rate G D for MPL corresponds to the steady-state photogeneration rate for the spectral PL measurements, taken from the same excitation spot on the sample and consecutively at each measurement temperature before moving to the next temperature for the following measurement sequence of MPL and sPL.
Experimental setup
The figure illustrates that the sample in a closed-cycle He cryostat, which allows cooling down to 20 K, is illuminated by a 785-nm laser diode through the cryostat window using an optical fiber. The laser power is measured with an Ophir Nova II photometer at the position of the sample. The emitted luminescence is collected in reflection mode by a parabolic mirror and focused with an optical lens onto the monochromator entrance. The optics part is a 4f system with a magnification of one. A high-pass optical filter (not shown in the figure) is placed in front of the monochromator to filter the reflected or scattered excitation light. The detection and amplification part consists of an InGaAs photodiode at the monochromator exit and a suitable amplification with a FEMTO current amplifier that delivers voltage to the entrance of a Stanford Research SR830 lock-in amplifier or, in solely DC mode, to a Keithley 195 digital multimeter. For sPL, the modulation is switched off. For the MPL, a sinusoidal output signal of the lock-in amplifier modulates the laser-diode current. Test measurements were performed at 300 K with fixed G D and a variation of G A in order to check that the MPL signal was sufficiently high and that the MPL phase was independent of G A . Low laser-power excitation values in the range of 0.5 and 1 mW cm -2 were applied and MPL and sPL were performed under photoexcitation of the same spot on a c-Si wafer.
Sample properties
Two samples from different c-Si wafers were investigated. Sample A stems from a Cz-Si wafer while sample B is from an Fz-Si wafer. Table 1 summarizes their properties with different thicknesses d, textures, doping in terms of resistivity , and passivation schemes as well as the reflectance R at the excitation wavelength. The SiC layer was only deposited on one side of Sample A because it served as a preparatory layer for a specific contact scheme, processed with other specimens from the deposition run. Sample A is textured, leading to enhanced absorption on the one hand. On the other hand, Sample A is much thinner than Sample B which results in lower absorption and in a better fulfilment of the inequality 1 BB d   , which holds for the PL spectra at lower T and in most of their spectral range at higher T. Table 1 . Summary of the two investigated samples.
Results and discussion

Injection dependence of lifetime
The issue of injection dependence of the lifetime and thus possible differences between steady-state lifetime and differential lifetime from MPL is important. For this reason, in Fig. 2 we show first a complementary photoconductance measurement of the injection dependence of the lifetime at 300 K, measured on sample A before it was cut to fit in the cryostat. In the low injection range where PL measurements shown later were acquired we can adjust the dependence of the lifetime upon excess minority carrier density by a power-law fit p  with a -value of about 0.14. According to [11] , this leads to less than 17% difference between the steady-state lifetime and the differential lifetime as measured by MPL.
Weak injection dependence is also described by Werner et al. [12] for aluminum oxide passivation on n-type Cz-Si, which showed a virtually independent effective surface recombination velocity on injection level. A strong dependence at very low injection is observed at lower excess carrier densities, for example Schmidt et al. [13] . But also in this publication the injection dependence for densities > 10 14 cm -3 is weak.
Lifetime-carrier density curves have not been measured on sample B before it was cut to fit in the cryostat. However, data on equivalent samples passivated with intrinsic (undoped) a-Si:H show that the dependence is even lower than in aluminum oxide passivated samples. In addition, similar results on c-Si passivated by thick a-Si:H layers can be seen in [14] with weak injection dependence, for effective surface-recombination velocity, which can be translated into a carrier density, in the relevant range. Thus from these data and the weak injection dependence we can expect the MPL lifetime to be very close to the steady-state one. 
Spectral and modulated photoluminescence
The temperature dependence of the integrated sPL-signal is shown in Fig. 3(a) for samples A and B. They were determined from integration of the spectral PL signal, respectively. The ordinate scale is in arbitrary units as no absolute calibration was carried out because only the relative S values enter in the evaluation. Fig. 3(b) shows the temperature dependence of the MPL lifetime of both samples. Four consecutive runs of the MPL and sPLmeasurements were performed for sample B, with two cycles of a 315 K -to -20 K -to -315 K sequence, from which the error bars were determined and plotted in Fig. 3 . For most of the data points of the mean lifetime for sample B the error bars are smaller than the symbol size.
Radiative recombination coefficient
The carrier densities p(T)= n(T) were determined from the MPL-lifetimes with (9) and the appropriate values for the bias generation rates, and n 0 (T)-values were calculated from the phosphorus donor level as detailed in [9] . Then relative values of rad B could be determined from Eq. (6) . In a next step the calibration constant c is determined so that absolute values of rad B can be obtained. Fig. 4 shows two examples from calibrating to the literatures values given in [1] at either 90 K or 300 K. The overall shape is independent of the choice of calibration. With the choice of plotting rad B on a log-scale vs. temperature a very weak or weak temperature dependence > 100 K is observed, with the present results following the trend in the literature, and a strong increase in rad B values with decreasing temperature at T < 100 K.
The determined rad B values for the two samples A and B are close together over the whole temperature range. Fig. 5 details and compares the relative errors of the rad B values of the two samples upon the two calibration procedures with different values of c. At the calibration points 90 K and 300 K the relative error is zero. It is less than 20 % for most of the data points and increases to values in the range of ±40 % at temperatures around 50 K. At this stage we come back to the discussion on the possible difference between the lifetime from MPL as a differential lifetime and the steady-state lifetime. As discussed in section 5.1, one can expect deviations between differential and steady-state lifetime to be less than 20 % for sample A and much less for sample B at room temperature. Anyhow, if the ratio of differential lifetime and steady-state lifetime was not equal to unity but constant in temperature, Eq. (6) will care that this ratio is absorbed in the factor c, which would not introduce an additional error over the whole temperature range. Should the ratio be temperature dependent, which is unknown, there would be an error that is introduced in the determination of B rad . Such an error may well account for the 20 % observed variation between literature values and those from the present method for either calibration at 300 K or at 90 K. It may also contribute to the differences in the B rad values determined from the two samples. However, it is noted that at low temperatures the large variation and strong increase in temperature dependence of B rad , both for calibration at 300 K and at 90 K, is expected to be quite well above any error from a possibly temperature dependent ratio of MPL lifetime and steady-state lifetime.
Also, despite the different properties of the two wafer samples with respect to deposition, thickness, wafer doping and passivation-layer related properties like the influence of surface charge [15] , good agreement is achieved for the two sets of B rad -data, despite the accounted differences in Fig. 5 of maximal about 40 % around 50 K but with better agreement of < 15 % at most temperatures higher and lower than 50 K for the 300-K calibration and slightly different values for the 90-K calibration. 
Conclusions
We explored a combination of MPL and sPL measurements to determine the radiative recombination coefficient B rad in crystalline silicon, thereby extending the lower limit of the available temperature range from 77 K to 20 K.
The T-dependence of B rad can be extracted from the T-dependence of the measured lifetime, determined by MPL via the experimental phase shift with reference to the modulated excitation, and the sPL signal, in combination with numerically determined carrier densities in the dark. Compared to previous determinations of B rad our approach does not require the precise knowledge of the T-dependence of the spectral absorption coefficient or the intrinsic carrier density, both quantities being error-prone at these low temperatures or not available with sufficient accuracy. Errors may be introduced by a possible inequality of differential MPL lifetime and steady-state lifetime. However, the calibration procedure eliminates the related error by calibration with literature values with the benefit that the error issue is reduced to be relevant only if the ratio of the two lifetimes is temperature dependent. Whatever the calibrating temperature chosen at 90 K or at 300 K the relative B rad values show a strong increase by about three orders of magnitude with decreasing temperature from 77 K to 20 K. 
